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1  | INTRODUC TION
Hypertension is a major health concern in the United States 
and throughout the world, and exposure to a HS diet is a well- 
recognized risk factor for hypertension.1,2 It is well- documented 
that high blood pressure impairs physiologic vascular reactivity 
in humans3-5 and both impaired microvessel relaxation6-8 and 
an elevated sensitivity to pressor stimuli9-12 contribute to the 
pathophysiology of hypertension in humans and in experimental 
animal models.
Exposure to a HS diet is known to induce hypertension, especially 
in SS individuals and in a disproportionate number of individuals of 
African American descent.13 Humans who are salt sensitive exhibit a 
higher mortality rate than salt- insensitive counterparts, even if they 
do not develop hypertension,14,15 and may experience other adverse 
effects on the cardiovascular system and other organs.16
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Doppler	 flux	 with	 arterial	 pressure	 reduction.	 Chronic	 low	 dose	 ANG	 II	 infusion	
(5	mg/kg/min,	i.v.)	restored	CBF	autoregulation	between	the	pre-	hemorrhage	MAP	
and 50 mm Hg in rats fed short- term HS diet. Mechanistic- based model analysis 
showed	a	reduced	myogenic	response	and	reduced	baseline	VSM	tone	with	short-	
term	HS	diet,	which	was	restored	by	ANG	II	infusion.
Conclusions: Short- term and chronic HS diet lead to impaired autoregulation in the 
cerebral	circulation,	with	salt-	induced	ANG	II	suppression	as	a	major	factor	in	the	ini-
tiation	of	impaired	CBF	regulation.
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In addition to its role in the development of many forms of hy-
pertension, it is now known that HS diet can lead to impaired vas-
cular relaxation in the absence of an increase in blood pressure. 
For	example,	 impaired	vascular	 relaxation	 in	 response	 to	a	variety	
of	endothelium-	dependent	(and	endothelium-	independent)	vasodi-
lator agonists has been demonstrated in arteries and arterioles of 
normotensive animals fed a HS diet.17-24 Human subjects that are 
salt insensitive for blood pressure25; and healthy young humans with 
a	short-	term	(5	days)	exposure	to	moderate	increases	in	dietary	salt	
intake26,27 also exhibit impaired endothelial function with elevated 
dietary salt intake.
In	HS-	fed	animals,	 impaired	 relaxation	of	multiple	arteries	 (and	
arterioles)	is	accompanied	by	reduced	NO	levels	and	increased	vas-
cular oxidative stress.21,24,28-31	Paradoxically,	this	increase	in	vascu-
lar oxidative stress and endothelial dysfunction in HS- fed animals 
is	due	to	salt-	induced	ANG	II	suppression,	as	chronic	i.v.	infusion	of	
a	 low	dose	of	ANG	 II	 (to	 restore	normal	plasma	ANG	 II	 levels)30,32 
restores endothelium- dependent vasodilator responses, increases 
vascular	NO	levels,	and	reduces	vascular	oxidative	stress	in	HS-	fed	
animals.20-23,30,31,33 Even more surprising, the protective effect of 
low	dose	ANG	II	infusion	in	HS-	fed	animals	is	mediated	via	activation	
of	the	AT1	receptor	as	it	is	eliminated	by	the	AT1 receptor blocker lo-
sartan	and	is	unaffected	by	AT2	receptor	blockade	with	PD-	123319.	
This	protective	effect	of	low	dose	ANG	II	infusion	in	HS-	fed	animals	
appears to be due to activation of antioxidant defenses controlled by 
the	master	antioxidant	and	cell-	protective	transcription	factor	NRF2,	
as	it	is	absent	in	NRF2	knockout	rats	fed	HS	diet.34 In contrast to the 
effect	of	low	dose	ANG	II	infusion,	infusion	of	a	higher	dose	of	ANG	
II increases vascular oxidative stress in mesenteric resistance arteries 
of S- D rats fed HS diet,31 as expected from the well- known ability 
of	ANG	II	to	increase	superoxide	production	by	NADPH	oxidase	via	
activation	of	the	ANG	II	AT1 receptor. However, infusion of the same 
low	dose	ANG	II	that	ameliorates	endothelial	dysfunction	in	HS-	fed	
rats eliminates ACh- induced dilation in middle cerebral arteries of 
S-	D	rats	fed	normal	salt	diet	(K.	Fink	and	J.H.	Lombard,	unpublished).
Under normal conditions, the cerebral vasculature can tolerate 
large changes in arterial blood pressure via local autoregulatory 
mechanisms that dilate arterioles and resistance arteries during 
periods of diminished blood pressure and constrict the arteries to 
maintain constant blood flow when arterial pressure is elevated.35,36 
However, in contrast to the extensive research investigating endo-
thelial function and responses to vasoactive agonists with HS diet, 
much less is known regarding the impact of elevated dietary salt in-
take on autoregulatory mechanisms that maintain local blood flow 
constant	during	changes	in	arterial	blood	pressure.	This	is	especially	
true	in	the	cerebral	circulation.	The	minimal	blood	pressure	needed	
to preserve autoregulation of brain blood flow, frequently termed 
the	“LLA”,	is	the	arterial	blood	pressure	at	which	CBF	decreases	sig-
nificantly from resting values37,38 and then falls linearly with reduced 
pressure.39 In general, this is the blood pressure at which the cere-
bral circulation is incapable of increasing blood flow via relaxation of 
cerebral	resistance	vessels.	Based	on	previous	observations	showing	
that HS diet impairs vascular relaxation mechanisms mediated via 
NO	and	ACh	in	the	salt-	insensitive	S-	D	rat,18,19 we hypothesized that 
HS diet would impair the ability of the cerebral circulation to main-
tain blood flow via autoregulatory vasodilation during hemorrhage- 
induced reductions in arterial blood pressure and would shift the 
LLA	of	CBF	to	a	higher	blood	pressure	in	these	animals.	Such	a	re-
duction in autoregulatory ability could have profoundly adverse ef-
fects, for example, increasing the risk and severity of ischemic injury 
following myocardial infarction or ischemic stroke.40,41
In	this	study,	we	utilized	the	thinned-	skull	LDF	technique42,43 to 
determine the effect of chronic HS diet on cerebral autoregulation, 
as assessed by the ability of the cerebral circulation to maintain a 
constant tissue blood flow during graded reductions in perfusion 
pressure produced via successive systemic blood volume withdraw-
als. We also conducted studies to determine whether short- term 
HS	diet	(3-	5	days),	which	leads	to	vascular	oxidant	stress21,24,30 and 
impaired vascular relaxation in response to multiple endothelium- 
dependent and endothelium- independent vasodilator agonists in 
several different animal models,17-24 also impairs cerebral vascular 
autoregulation; and whether this may be related to salt- induced 
ANG	II	suppression.	In	the	latter	studies,	we	hypothesized	that	any	
impairment in the autoregulation of blood flow during exposure 
to HS diet could be prevented by chronic infusion of a low dose of 
ANG	II	to	prevent	salt-	induced	ANG	II	suppression.22,23,30,44	Both	a	




2  | MATERIAL S AND METHODS
Separate groups of 9- to 11- week- old S- D rats were placed on either 
a	LS	diet	(0.4%	NaCl/Dyets)	or	a	HS	diet	(4%	NaCl/Dyets)	with	water	
to	drink	ad	libitum.	Our	initial	studies	sought	to	determine	whether	
chronic	HS	diet	 (30	days)	would	 lead	to	 impaired	cerebral	vascular	
autoregulation.	Because	 short-	term	exposure	 to	HS	diet	 increases	
vascular oxidant stress21,24,31 and leads to a surprisingly rapid impair-
ment of vascular relaxation mechanisms in rats,18-20,22,23 hamsters,21 
and healthy human volunteers,26,27 we conducted a second series 
of	studies	to	determine	whether	short-	term	(3	days)	HS	diet	would	
also impair cerebral autoregulation; and, if so, whether prevention 
of	 salt-	induced	ANG	 II	 suppression30 would restore cerebrovascu-
lar autoregulation in these animals. All experiments were approved 
prior to the initiation of the study by the Institutional Animal Care 
and Use Committee, and all surgeries were performed using either 
aseptic	 (survival	 surgery)	 or	 clean	 (non-	survival	 surgery)	 surgical	
techniques in a designated surgical area.
2.1 | LDF measurements
The	CBF	experiments	utilized	a	previously	described	thinned-	skull	LDF	
protocol.42,43,45,46 After the animal was anesthetized and placed in the 
stereotaxic	apparatus	(Stoelting	Co.,	Woodale,	IL,	USA),	a	dorsal	midline	
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incision was made longitudinally at the top of the skull. Connective tis-
sue was removed with fine forceps and scissors, and the exposed pari-
etal bone was thinned to translucency over the somatosensory cortex 
just caudal to the bregma using a dissecting microscope and a high- 
speed drill and dental burr attachment. Room temperature saline was 
applied liberally during the drilling procedure to prevent heat buildup 
from damaging the underlying microvessels. Residual bleeding was 
quickly	resolved	with	pressure	and,	 if	necessary,	Gelfoam	gelatin	ab-
sorbent	material	(Johnson	&	Johnson,	New	Brunswick,	NJ,	USA).	Any	
animal that bled excessively or had the skull penetrated during drilling 




performed in the stereotaxic apparatus.
After thinning the skull to translucency, a laser probe was posi-







To	assure	 that	microvessel	 flow	was	being	adequately	 tracked,	
the	animal	was	briefly	ventilated	 (~	3	minutes)	with	a	hypercapnic	
gas	mixture	(5%	CO2,	21%	O2,	balance	N2),	which	raises	the	ETCO2 
to	 ~60	mm	Hg.	 During	 this	 preliminary	 evaluation,	 blood	 flow,	 as	
assessed	 by	 the	 laser	Doppler	 probe,	 increased	 by	 ~50%-	150%	 if	
the probe was placed over a suitable area of the cerebral microcir-
culation.	A	transient	decrease	in	LDF	reading	during	this	procedure	
indicated that the probe may have inadvertently been placed over 
a large blood vessel or vein. If this occurred, the probe was reposi-
tioned, the same steps were repeated, and blood flow was allowed 
to return to baseline values.




age - matched at 12- 13 weeks of age at the time of the experiment. 
In the long- term experiments, animals were anesthetized initially 
with 50 mg/kg i.p. sodium pentobarbital. A digital scale was used 
to assess the mass of each animal, and the recorded mass was used 
to calculate i.v. infusion rate of supplemental sodium pentobarbital 
anesthesia	(approximately	10	mg/kg/h)	via	a	femoral	vein	through-
out the experiment, after the initial letdown period. Accurate and 
stable i.v. infusion was achieved using a digitally programmable sy-
ringe	pump	(Harvard	Apparatus),	and	the	anesthetic	(Nembutal)	was	
diluted	to	50%	strength	with	0.9%	sterile	isotonic	saline	solution	to	
maintain patency of the i.v. infusion line.
Polyethylene	cannulas	 (PE	50)	were	 inserted	 into	both	femoral	
arteries to permit recording of systemic arterial blood pressure from 
one	cannula	and	blood	volume	withdrawal	from	the	other.	The	tra-
chea	was	exposed	to	insert	and	secure	a	PE	240	catheter	to	main-
tain a patent airway. After the rat had been placed in a stereotaxic 
apparatus, the airway tube was securely attached to a small animal 
ventilator	 and	 CO2	 analyzer	 (Harvard	 Apparatus,	 Holliston,	 MA,	
USA)	that	was	used	to	ventilate	the	animal.	A	carbon	dioxide	moni-
tor	(CAPSTAR-	100)	(CWE	Inc.,	Denver,	CO,	USA)	was	connected	in	
conjunction with the inhaled gas mixture and mechanical ventilator, 
which allowed the respiratory rate and inspiratory volume to be 
monitored	 and	 continually	 adjusted	 so	 that	 the	 ETCO2 was main-
tained at 35 mm Hg throughout the procedure.
After	 preparation	 for	 LDF	measurements,	 the	 animals	 were	 al-
lowed approximately 45 minutes to equilibrate after placement of the 
laser probe; and a 5- minute period was then recorded as a resting 
control for all values. After the control period, the animals were bled 
through one femoral artery catheter to decrease systemic blood pres-
sure by 10 mm Hg increments, as measured by a catheter in the other 
femoral	artery.	Blood	was	withdrawn	every	5	minutes	until	a	MAP	of	
approximately 20 mm Hg was reached, at which time the animal was 
euthanized by an anesthetic overdose and a bilateral pneumothorax.
Because	 previous	 studies47,48 performed in other laboratories 
have	demonstrated	a	significant	decrease	in	CBF	autoregulation	oc-
curring at a systemic arterial blood pressure of approximately 50 mm 
Hg under similar experimental conditions in normotensive animals, 
we	 added	 an	 additional	 5-	minute	 recording	 period	 at	 a	 MAP	 of	
55 mm Hg to define the LLA between our normotensive experimen-
tal	groups	on	chronic	LS	and	HS	diet	more	precisely.	This	additional	
recording period was added to increase the resolution of our record-
ings at 55 mm Hg, where we hypothesized a significant difference 
may occur between animals fed LS vs HS diet.
2.3 | Hemorrhage protocol- short- term studies
In	the	short-	term	studies,	rats	were	maintained	on	either	a	LS	(0.4%	
NaCl/Dyets)	 diet	 or	 switched	 to	 a	 HS	 (4%	 NaCl/Dyets)	 diet	 for	
3-	5	days	prior	 to	 the	experiment.	The	 short-	term	 studies	 included	
two additional groups of age- matched S- D rats that were fitted with 
chronic catheters, housed individually in the chronic monitoring fa-
cility,	and	allowed	a	2-	to	3-	day	recovery	period.	Following	the	re-
covery	period,	the	animals	were	placed	on	a	HS	diet	(4%	NaCl/Dyets)	
and the saline infusion was continued for an additional 3 days. At this 
point, the animals were divided into two groups with one group con-
tinuing the saline infusion while the second group was infused with 
ANG	II	(5	ng/kg/min)	at	the	same	rate	for	three	more	days	to	prevent	
salt-	induced	ANG	 II	 suppression,22,23,30,44 after which the animals 
were anesthetized for the acute studies of cerebral autoregulation.
For	the	short-	term	studies,	the	animals	were	weighed	and	then	
anesthetized with isoflurane by first placing them in an induction 
chamber	through	which	5%	isoflurane	was	administered	along	with	
a	30%	O2	(balance	N2)	gas	mixture.	Once	the	animal	was	in	a	deep	
plane of anesthesia, it was removed from the induction chamber, 
placed	on	a	surgical	table	warmed	to	37°C,	and	fitted	with	a	nose	
cone	 that	delivered	a	3%	 isoflurane	concentration	with	 the	same	
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supplemental oxygen mixture used for the preparatory surgery 
(cannulation	of	a	femoral	artery	and	insertion	of	a	tracheal	cannula).
A	 precision-	valve	 flowmeter	 (Aalborg	 Instruments	 &	 Controls,	
Inc.,	Orangeburg,	NY,	USA)	connected	in	series	with	the	inhalational	
gas mixture and mechanical ventilator attached to the tracheal can-
nula allowed precise control of minute ventilation. Inspiratory rate 
and minute ventilatory volume were monitored and carefully ad-
justed	 in	 real	 time	 to	maintain	 the	 ETCO2, an estimate of arterial 
pCO2,	which	is	a	crucial	determinant	of	CBF,	at	a	constant	value	of	
approximately	 35	mm	Hg.	 Supplemental	 oxygen	 (30%	O2, balance 
N2)	was	provided	in	the	inhalational	gas,	as	described	previously.
18
After the probe was correctly placed over the microvasculature, 





ings were recorded for 2 minutes followed by successive 1.5 mL blood 
withdrawals to reduce arterial pressure via a femoral artery catheter 
that was also used to monitor blood pressure. Use of a single catheter 
in these experiments was necessary because scarring from placement 





A model- free analysis was performed to see whether an average fit 
to the normalized flow vs pressure data can show differences be-
tween	the	four	groups	from	this	study,	LS,	ST-	HS,	ST-	HS	+	ANG	II,	
and	ST-	HS	+	saline.	The	model-	free	expression	used	to	fit	the	lower	
region of the autoregulation curve is a simple polynomial of the form:
The	least	squares	error	fit	is	performed	in	MATLAB	(MathWorks	
Inc,	Natick,	MA,	USA)	using	the	polyfit	function.	The	ST-	HS	and	LS	
groups	 are	 compared	 first,	 and	 then,	 the	 ST-	HS	+	ANG	 II	 and	 ST-	
HS	+	saline	infusion	groups	are	compared.
In addition to the model- free analysis, a second analysis was 
performed using a mechanistic computational model of the ce-
rebral	 vasculature.	 This	 computational	 model	 of	 CBF	 regulation	
was developed based on models of Spronck et al49 and Carlson 
and Secomb.50 As with the model- free analysis, the short- term HS 
vs control experimental groups are analyzed separately from the 
short-	term	HS	with	ANG	II	 infusion	vs	short-	term	HS	with	saline	
infusion	 groups.	 The	 mechanistic	 cerebral	 vasculature	 model	 is	
represented	 in	 the	 schematic	 shown	 in	 Figure	1,	 and	 the	model	
equations	are	given	in	the	Supporting	Information	(Appendix	S1)	in	
full detail along with definitions of all the variables and parameters 
used in this model.
In the short- term perturbations, we hypothesize that any net-
work and vessel structural changes do not have sufficient time 
to occur so that the changes in autoregulatory function will be 
reflected solely by changes in active vasoregulation governed by 
endothelial	and	VSM	function.	Because	of	this,	parameters	in	the	
model that relate to the vascular passive response and some el-
ements	of	the	active	VSM	response	can	be	held	constant	at	val-
ues	optimized	for	all	11	animals	 in	the	LS	and	ST-	HS	groups	and	
then	separately	 for	 the	10	animals	 in	 the	ST-	HS	+	saline	and	ST-	
HS	+	ANG	II	groups.	What	 is	 thought	to	change	between	groups	
in the two analyses is the sensitivity of the cerebral regulatory 
vessels	to	vessel	wall	stress	and	baseline	vascular	tone.	These	pa-




length	dependence	(Cact0, Cact1 and Cact2)	and	either	11	(LS	and	ST-	
HS)	or	10	(ST-	HS	+	saline	and	ST-	HS	+	ANG	II)	sets	of	parameters	
defining the baseline myogenic activation and sensitivity of the 
VSM	to	stress	 (Ctone0, Ctone1)	 for	each	animal.	The	optimization	 is	
then performed to fit each individual dataset again with Cact0, Cact1 
and Cact2 fixed at their values from the first optimization and only 
Ctone0 and Ctone1	allowed	to	vary	for	each	animal.	This	ensures	the	
best possible fit to the data for each animal. All parameters for the 
passive response of the cerebral vessel compartment are fixed to 
fit	control	data	from	a	previous	set	of	S-	D	rats.	The	fixed	parame-










short-	term	HS	with	saline	infusion	and	short-	term	HS	with	ANG	II	infusion	groups.	PA is the input arterial pressure, RAB is the resistance to 
flow of the cerebral arteries, CAB is the capacitance of the cerebral arteries, RATLB is the varying resistance to flow in the cerebral arterioles, 
CVB is the capacitance of the cerebral veins, RVB	is	the	resistance	to	flow	in	the	cerebral	veins,	and	PVC is the pressure in the vena cava
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2.5 | Statistical analysis
Data were recorded for later analysis by automated data acquisi-
tion	 systems	 (WINDAQ	 &	 BIOPAC	 systems)	 connected	 to	 a	 per-
sonal computer. Recorded parameters were available for arterial 
blood	pressure,	expired	pCO2, ventilation rate in breaths per min-
ute,	and	laser	Doppler	blood	flow	signal	in	BPU.	Baseline	LDF	read-
ings obtained after the animal was euthanized were also evaluated 
to	 eliminate	 the	 influence	 of	 any	 nonspecific	 LDF	 signal	 influenc-
ing	measured	flow	rates.	In	our	data	analysis,	average	baseline	LDF	
readings	were	determined	to	be	<5%	of	recorded	blood	flow	signals	
obtained at 100 mm Hg of systemic arterial blood pressure.
Linear regression analysis was used to evaluate the correlation 
between	all	the	LDF	values	within	an	experimental	group	and	their	
corresponding	arterial	pressure.	Slopes	of	the	LDF	vs	arterial	pres-
sure relationship were calculated for individual animals and summa-
rized as mean ± SEM for the animals in that group. All other data 
were summarized mean ± SEM. Statistical analysis was performed 
using	 one-	way	ANOVA,	with	 a	 SNK	post	 hoc	 analysis	 and	 an	 un-
paired Student’s t test, where appropriate. Differences were judged 
to be significant at P < 0.05.
3  | RESULTS
3.1 | Effect of long- term HS diet on CBF 
autoregulation
Calculation of the slope of cerebral autoregulation is a frequently 
used measure of the ability of the microvasculature to maintain con-
stant blood flow during variations in systemic arterial pressure.51,52 
In these studies, we initially determined the effect of stepwise re-




long- term HS diet exhibited a significantly greater negative slope of 
Parameter name Description Value Units
Fixed	parameters
 RAB Cerebral arterial resistance to flow 500 (mm	Hg*s)/mL
 RVB Cerebral venous resistance to flow 1700 (mm	Hg*s)/mL
 RAtlB,0 Cerebral arteriolar reference 
resistance to flow
2500 (mm	Hg*s)/mL
 CAB Cerebral arterial vasculature 
capacitance
0.0105 mL/mm Hg
 CVB Cerebral venous vasculature 
capacitance
0.0500 mL/mm Hg
 AENcol Arteriolar non- collagen content- 
stiffness product
2.01e3 mm Hg
 AEcol Arteriolar collagen content- stiffness 
product
8.77e6 mm Hg
 α Arteriolar collagen distribution 
characteristic strain
1.24 unitless
 γ Arteriolar collagen distribution 
shape factor
7.11 Unitless
 DAtl,0 Arteriolar reference diameter 189.8 μm
 AWall Arteriolar circumferential wall area 8405 μm
2
 τDAtl Arteriolar diameter time constant 1 s
 τAAtl Arteriolar activation time constant 15 s
Adjustable parameters
 CAct0 Arteriolar strength of smooth 
muscle
1- 10 mm	Hg*μm
 CAct1 Arteriolar position of peak tension 
generation
0.5- 1.3 Unitless
 CAct2 Arteriolar width of smooth muscle 
diameter- tension curve
0.1- 1.0 Unitless
 Ctone0 Arteriolar smooth muscle activation 
sensitivity to stress
0- 25 1/(mm	Hg*μm)




adjustable parameters with their ranges 
used in the mechanistic model analysis of 
control, short- term HS, short- term HS 
with saline infusion, and short- term HS 
with	ANG	II	infusion
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the	 flow	 vs	 pressure	 relationship	 (−0.61	±	0.1,	 n	=	7)	 compared	 to	
controls	maintained	on	LS	diet	(0.31	±	0.09,	n	=	7)	(P	<	0.05).	CBF	in	
HS- fed rats was also significantly lower than the pre- hemorrhage 
value at an arterial pressure of 60 mm Hg, compared to approxi-
mately 40 mm Hg in LS fed rats—indicative of a shift in the LLA to a 
higher	arterial	pressure.	Taken	together,	these	observations	are	con-
sistent with an impaired ability of the cerebral circulation to regulate 
its blood flow following chronic HS exposure.









with each drop in arterial pressure and was significantly correlated 
with	MAP	(r	=	0.6079,	n	=	25;	P	<	0.01),	as	expected	for	blood	flow	




indicating that short- term exposure to HS diet leads to a rapid im-
pairment	of	CBF	autoregulation.	Mean	slopes	of	the	pressure/flow	
relationship from individual rats between the pre- hemorrhage value 
and	 50	mm	Hg	MAP	were	 significantly	 greater	 in	 the	HS-	fed	 rats	
(−0.8	±	0.1,	n	=	6)	than	in	the	LS-	fed	rats	(0.33	±	0.39,	n	=	5).	Slopes	
of the pressure/flow relationship below 50 mm Hg in HS- fed rats 
(−1.79	±	0.13,	 n	=	5)	 and	LS-	fed	 rats	 (−1.82	±	0.38,	 n	=	5)	were	 sig-
nificantly	greater	than	those	in	the	range	from	pre-	hemorrhage	MAP	
to 50 mm Hg but were not significantly different from each other.
F IGURE  2 Representative	blood	pressure	and	CBF	response	to	serial	blood	withdrawals	for	control	animals	on	a	LS	diet	(A)	and	a	short-	
term	(3	d)	HS	diet	(B).	Each	measurement	is	averaged	using	a	moving	window	to	see	the	trends	in	response	of	pressure	and	flow.	In	addition,	
during each of the blood withdrawals the pressure catheter was disconnected to allow blood to be withdrawn, so the periods during the 
actual	blood	withdrawal	have	been	removed	from	the	time	course.	Note	that	flow	and	pressure	for	the	control	animal	(LS	diet)	does	not	
change much over the first three blood withdrawals compared with changes observed in the short- term HS animal. In addition, the control 
animal	showed	only	~	25%	drop	in	flow	compared	to	~	75%	drop	in	the	short-	term	HS	animal	over	the	course	of	the	experiment.	The	shorter	
duration of the experimental period in the HS- fed rat vs the LS- fed control reflects the reduced ability of the HS animal to compensate for 
the reduction in blood pressure following blood volume withdrawal
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3.3 | Computational analysis of cerebral 
autoregulatory responses in rats fed LS diet vs ST- 
HS diet
Figure	3	 summarizes	 the	 computational	 analysis	 of	 cerebral	 vas-
cular	autoregulation	 in	 rats	 fed	LS	diet	vs	short-	term	HS	diet.	The	
model-	free	polynomial	fit	to	each	group	is	shown	in	Figure	3A	while	
Figure	3B	 shows	 the	 predicted	 average	 response	 of	 each	 group	
along	 with	 the	 predicted	 confidence	 intervals.	 The	 predicted	 av-
erage response and confidence intervals are calculated using the 
MATLAB	nonlinear	fit	function,	nlinfit,	and	the	associated	predicted	
confidence	interval	function,	nlpredci.	These	two	functions	consider	
all of the optimized simulations in each group to generate an aver-
age response and the predicted confidence interval for each group. 
The	 optimized	 simulations	 of	 individual	 animal	 experiments	 are	
presented	 in	Figure	3C	and	 show	 that	 simulations	of	 individual	 LS	




Earlier	studies	by	Frisbee	et	al53 showed that HS diet does not 
change the structural properties or passive mechanical properties of 
skeletal	muscle	arterioles	of	S-	D	rats.	Based	on	those	observations,	
we used the modified Spronck et al49 model to fit the data using the 
argument	 that	 the	 ST-	HS	 treatment	 did	 not	 change	 the	 structural	
properties of the vessel so parameters associated with structural 
features	 (Cact0—number and strength of SMCs; Cact1—relationship 
between passive and active vessel wall components in terms of 





that Ctone0	 is	 just	 below	 the	 95%	 confidence	 level	 on	 the	P- value 
where Ctone1 was significantly different between the two groups at 
95%	confidence.
3.4 | ANG II infusion experiments
Similar to non-infused rats fed HS diet, cerebral autoregulation was 




n	=	24;	P	<	0.01)	 but	 LDF	 in	 the	HS+ANG	 II	 group	 (representative	
F IGURE  3 Computational analysis of cerebral vascular autoregulation in rats fed LS diet vs short- term HS diet. A, Model- free polynomial 
fit	to	each	group;	B,	Predicted	average	response	of	each	group	along	with	the	predicted	confidence	intervals.	C,	Optimized	simulations	of	
individual animal experiments showing that simulations of individual LS control rats predict a more distinct autoregulatory plateau than the 
simulations	of	the	individual	ST-	HS	rats,	consistent	with	a	rapid	onset	of	impaired	CBF	regulation	following	short-	term	exposure	to	HS	diet	
(See	text	for	details)
TABLE  2 Model	parameters	for	LS	and	STHS.	Ctone0 and Ctone1 
indicate the sensitivity of the vessels to vessel wall strain as 
induced by pressure. Large values of Ctone0 indicate a higher 
sensitivity of the vessel to stress, and larger values of Ctone1 indicate 
a higher basal tone in the vessel
LS ST HS P Value
Ctone0 6.56 ± 1.23 4.68 ± 1.61 0.0616
Ctone1 5.37	±	1.13 3.56 ± 0.65 0.0087
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of the pressure/flow relationship below 50 mm Hg were not signifi-
cantly	different	in	the	HS	+	saline	group	(−1.98	±	0.1,	n	=	5)	and	the	
HS	+	ANG	II-	infused	group	(−1.56	±	0.74,	n	=	5).
3.5 | Computational analysis of cerebral 
autoregulatory responses in rats fed ST- HS diet with 
saline infusion or ANG II infusion
The	same	analysis	that	was	performed	on	the	LS	and	ST-	HS	groups	
was	 also	performed	on	 the	ST-	HS	+	saline	 and	ST-	HS	+	ANG	 II	 in-
fusion	groups.	Model-	free	 analysis	 is	 shown	 in	Figure	5A,	 and	 the	
mechanistic model results of autoregulation in the two groups and 
in	 each	 individual	 animal	 are	 shown	 in	 Figure	5B,C,	 respectively.	
As in the previous analysis, the two groups are hard to distinguish 
with the model- free analysis but are distinctly different when rep-
resented	 with	 a	 mechanistic	 model.	 Optimized	 parameter	 values	
of Ctone0 and Ctone1	are	shown	 in	Table	3.	The	average	response	of	
the	ST-	HS	+	ANG	II	infusion	group	shows	a	distinct	leftward	shift	in	
autoregulatory	function	when	compared	to	the	ST-	HS	+	saline	infu-
sion group when analyzed with the mechanistic cerebral vasculature 
model (Figure	5B), while this distinction cannot be clearly seen in the 
model- free analysis (Figure	5A).
4  | DISCUSSION
As noted above, both short- term and chronic exposure to 
HS diet lead to impaired vascular relaxation, increased oxi-
dant stress, and reduced nitric oxide availability in arterioles, 
F IGURE  4 Representative	blood	pressure	and	CBF	response	to	serial	blood	withdrawals	for	animals	on	a	short-	term	HS	diet	with	
low	dose	ANG	II	infusion	(A)	and	animals	on	a	short-	term	HS	diet	with	saline	infusion	(B).	Each	measurement	is	averaged	using	a	moving	
window to see the trends in response of pressure and flow. In addition, during each of the blood withdrawals, the pressure catheter was 




pressure following blood volume withdrawal
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resistance arteries, and conduit vessels from multiple vascular 
beds,17-24,26-31,44,54	including	the	cerebral	circulation.	Because	of	
the similarities between functional data in individual arteries of 
HS- fed animals18,20,22,23,44 and existing evidence of an elevated 
risk	of	ischemic	stroke	due	to	impairment	of	NO-	mediated	vas-
cular relaxation, we decided to examine the effect of HS diet 
on	 autoregulation	 of	 blood	 flow	 using	 LDF	 in	 the	 in	 vivo	 cer-
ebral	 circulation.	 This	 is	 important	 because,	 compared	 to	 the	
responses of the vasculature to different vasoactive agonists, 
much less is known regarding the effect of HS diet and salt- 
induced	ANG	 II	 suppression	on	 the	 ability	 of	 local	 autoregula-
tory	mechanisms	to	maintain	CBF	during	reductions	in	perfusion	
pressure.	 Based	 on	 the	 extensive	 findings	 demonstrating	 that	
HS diet leads to impaired vascular relaxation in cerebral arteries 
(and	other	vascular	beds),	we	hypothesized	that	CBF	autoregu-
lation in response to controlled stepwise reductions of arterial 
pressure would be impaired in rats maintained on either a long- 
term	or	a	ST-	HS	diet.
Consistent with that hypothesis, our initial experiments demon-
strated that chronic exposure to HS diet significantly impaired the 
ability	of	the	rats	to	maintain	CBF	in	response	to	reductions	in	arterial	
pressure.	 These	 findings	 are	 consistent	with	 previous	 observations	
in our laboratory indicating that cerebral resistance arteries18,19 and 
pial arterioles18 exhibit impaired relaxation to a variety of vasodilator 
stimuli in S- D rats following HS diet; and that blood flow assessed by 
LDF	in	the	pial	microcirculation	of	HS-	fed	S-	D	rats	fails	to	increase	in	
response to a bolus infusion of Ach.33	However,	the	increase	in	CBF	in	
response to a brief test exposure to the non- endothelium- dependent 
stimulus of hypercapnia55,56 was intact in the HS- fed rats,33 demon-
strating	that	the	loss	of	CBF	autoregulation	in	HS-	fed	rats	does	not	
result from a general and nonspecific inability of the vessels to dilate.
Although a strict definition of the LLA is still elusive, the LLA is 
generally recognized as the blood pressure at which blood flow falls 
progressively below resting values as arterial pressure is reduced 
due to an inability of the arterioles to dilate to maintain blood flow 
despite the reduction in perfusion pressure.57 In the present study, 
CBF	was	maintained	 relatively	 constant	 in	 LS-	fed	 rats	 during	 sus-
tained reductions in arterial pressure to values as low as 40- 50 mm 
Hg, a finding consistent with previous estimations of the LLA in 
healthy rats.47,48	 However,	 CBF	 in	 rats	 fed	 the	 long-	term	HS	 diet	
decreased progressively with successive reductions in arterial pres-
sure showing that HS diet eliminates the plateau phase of blood flow 




when analyzed with the mechanistic cerebral vasculature model (Figure	5B),	while	this	distinction	cannot	be	clearly	seen	in	the	model-	free	
analysis (Figure	5A)	(See	text	for	details)
TABLE  3 Model	parameters	for	STHS	w/saline	infusion	and	
STHS	w/ANG	II	infusion.	Ctone0 and Ctone1 indicate the sensitivity of 
the vessels to vessel wall strain as induced by pressure. Large 
values of Ctone0 indicate a higher sensitivity of the vessel to stress, 
and larger values of Ctone1 indicate a higher basal tone in the vessel
STHS w/saline STHS w/ANG II P Value
Ctone0 6.07	±	1.95 18.42	±	5.67 0.0017
Ctone1 6.05 ± 2.04 18.14	±	7.48 0.0082
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regulation	that	is	normally	present	in	healthy	rats.	In	addition,	CBF	
relative to pre- hemorrhage control in rats fed long- term HS diet was 
significantly lower than that in LS- fed animals at pressures as high as 
60 mm Hg, indicative of an upward shift in the LLA.
In addition to identifying the LLA, the slope of the relationship 
between	blood	pressure	and	CBF	is	a	valuable	indicator	of	autoreg-
ulatory capacity and cerebral vascular health.52 In the present study, 
there	was	a	significant	increase	in	the	slope	of	the	LDF	flow	vs	ar-
terial pressure relationship during hemorrhagic hypotension in rats 
fed long- term HS diet compared to rats maintained on LS diet. In 
this regard, our observations in rats fed long- term HS diet are strik-
ingly similar to those obtained in several models of hypertension. 
For	example,	autoregulation	of	CBF	during	hypotension	is	impaired	
in SHR58,59	 and	 in	 stroke-	prone	 SHR	 rats	 (SP-	SHR).60 HS- induced 
hypertension in Dahl SS rats also shifts the upper limit of autoreg-
ulation toward higher arterial blood pressures.61	 Taken	 together,	
these observations strongly indicate that dysfunction of the cerebral 
vasculature is present in normotensive animals consuming a HS diet 
for 4 weeks, and that this vascular dysfunction adversely affects the 
ability of the cerebral circulation to maintain tissue perfusion in the 
face of reductions in blood pressure.62
In addition to the well- known deleterious effects of long- term 
exposure to HS diet on the vasculature,33 there is increasing evi-
dence that HS diet leads to a surprisingly rapid loss of endothelium- 
dependent vasodilation in cerebral arteries and other vascular beds 
in both animals18,21-23,44 and humans26,27;	and	that	salt-	induced	ANG	
II suppression is a major contributor to the oxidative stress and im-
paired vascular relaxation that occurs in response to elevated dietary 
salt intake.21-23,30,31,44	For	example,	isolated	arteries	of	S-	D	rats	fed	
short- term HS diet exhibit an impaired vascular relaxation in response 





observations have been reported in cheek pouch arterioles of golden 




an important role in maintaining normal vascular relaxation mech-
anisms	via	tonic	 interaction	of	ANG	II	with	AT1 receptors, and that 
these mechanisms are compromised in the presence of salt- induced 
ANG	 II	 suppression.	 Importantly,	 AT1 receptor blockade with lo-
sartan	not	only	eliminates	the	protective	effect	of	low	dose	ANG	II	
infusion to restore normal vasodilator responses in arterioles21 and 
resistance arteries,22	but	also	eliminates	the	ability	of	ANG	II	infusion	
to reduce oxidative stress in the aortas of HS- fed hamsters.21
Consistent with earlier findings showing impaired responses to 
acute exposure to vasodilator stimuli in normotensive rats fed short- 
term HS diet, we found that autoregulatory responses to arterial pres-
sure reduction were impaired in the pial microcirculation of HS- fed 
rats	and	that	chronic	i.v.	infusion	of	a	sub-	pressor	dose	of	ANG	II	re-
stored	the	autoregulation	of	CBF	in	rats	fed	short-	term	HS	diet.	The	
latter finding is consistent with earlier studies showing that preven-
tion	of	salt-	induced	ANG	II	suppression	ameliorates	endothelial	dys-
function19,21-24,30,31 and vascular oxidative stress21,30,31,63 in HS- fed 
rats	 and	 hamsters.	 Taken	 together,	 these	 observations	 support	 the	
hypothesis	that	physiological	levels	of	ANG	II	in	the	plasma	play	an	im-
portant role in maintaining the ability of the cerebral circulation to au-
toregulate its blood flow, and that salt- induced suppression of plasma 
ANG	 II	 levels	 results	 in	 an	 impaired	 ability	 of	 local	 autoregulatory	
mechanisms to maintain blood flow to the brain when arterial pres-
sure is reduced in rats fed HS diet. While the mechanisms by which 
HS-	induced	ANG	II	suppression	may	contribute	to	increased	oxidative	
stress	and	an	impaired	ability	to	autoregulate	CBF	during	reductions	
in arterial blood pressure remain to be determined, a likely candidate 
is a downregulation of antioxidant defense mechanisms mediated by 
the	master	antioxidant	and	cell-	protective	transcription	factor	NRF2,	
as	the	protective	effect	of	low	dose	ANG	II	infusion	to	restore	ACh-	
induced dilation is lost in HS- fed Nrf2(−/−) knockout rats.34
One	potential	complicating	factor	in	the	present	experimental	de-
sign	is	related	to	the	expected	increase	in	plasma	ANG	II	 levels	with	
blood volume withdrawal, even in the presence of the initial salt- 
induced	ANG	II	 suppression	 in	normotensive	 rats.	Any	hemorrhage-	
induced	 increase	 in	 plasma	ANG	 II	 levels	 could	 either	 contribute	 to	
a compensatory vasoconstrictor response or actively dilate cerebral 
blood	vessels.	Because	blood	loss	is	a	potent	stimulus	for	ANG	II	re-
lease,64,65	we	expect	plasma	ANG	II	levels	to	increase	in	response	to	
blood volume withdrawal, although the relative magnitude of this in-
crease	(compared	to	that	animals	fed	LS	diet)	is	uncertain.	In	this	regard,	
an	important	area	for	future	study	will	be	to	measure	plasma	ANG	II	
levels in LS- and HS- fed animals subjected to hemorrhagic stress.




dilation of cerebral arterioles66 mediated by prostaglandins67 or 
endothelium- derived hyperpolarizing factor.68	Other	 authors	 have	
reported	that	ANG	II	causes	constriction	in	the	cerebral	circulation	
via	AT1 receptor activation that overrides the vasodilator action of 
AT2 receptors.
69 Still others have reported vasodilation mediated via 
AT1 receptor activation in the cerebral circulation.




of the arterioles and impair autoregulation in the HS- fed animals. 
However, in light of our previous observation that direct infusion of 
an ACh bolus fails to dilate the pial microcirculation in normotensive 
rats fed HS diet33, we believe that the effect of chronic salt- induced 
ANG	II	suppression	on	vascular	relaxation	mechanisms	(rather	than	
any	acute	effects	of	elevated	plasma	ANG	II	levels)	may	be	the	pri-
mary driving force leading to impaired autoregulatory responses 
in	 the	HS-	fed	animals.	The	 latter	conclusion	 is	consistent	with	 the	
impaired relaxation to multiple vasodilator stimuli,18,21-23,30,31,44,63 
including	reduced	PO2,
17,19,20 in isolated cerebral arteries of normo-
tensive animals fed HS diet.
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An interesting area for future investigation would be the effect of 
HS	diet	on	tissue	levels	of	ANG	II	in	the	brain,	in	light	of	an	earlier	re-
port 71 that an increase in dietary salt content identical to the one used 
in the present study increased components of the RAS in the brain of 
S- D rats with chronic kidney disease produced by 5/6 nephrectomy. 
However, expression of the brain RAS was unaffected by HS diet in 
sham- operated controls in that study, arguing against a potential effect 
of the local brain RAS on cerebral autoregulation in the present study.
While all these possibilities are clearly worthy of investigation, 
we believe the most likely explanation for the impaired ability of 
cerebral arteries and pial microvessels to dilate in response to the 
autoregulatory stimuli of reduced blood pressure and reduced tissue 
perfusion in the present study is the deleterious effect of chronic 
suppression	of	plasma	ANG	II	levels	that	occurs	with	HS	diet	in	nor-
motensive	animals.	For	example,	HS	diet	 impairs	cerebral	vascular	
responses	 to	multiple	 vasodilators	 (nitric	 oxide,	 prostacyclin,	 etc.),	
including the ability of the pial microcirculation to dilate in response 
to	intra-	arterial	infusion	of	a	bolus	of	ACh	(although	the	pial	microcir-
culation from HS fed rats still exhibits a large increase in blood flow 
in	response	to	the	powerful	vasodilator	response	of	hypercapnia).33
The	results	of	the	present	study	evaluating	the	effect	of	HS	diet	
on	 the	 autoregulation	 of	 CBF	 raise	 some	 interesting	 questions	 re-
garding	the	role	of	HS	diet	and	ANG	II	suppression	in	affecting	vas-
cular regulation in humans, where endothelial dysfunction develops 
very rapidly and without hypertension in young normotensive human 
males27 and females26 following a moderate increase in dietary salt 
intake. Endothelial dysfunction is an important prognostic indicator 
of multiple adverse cardiovascular events, including death72; and 
long-	term	follow-	up	studies	have	shown	that	SS	(for	blood	pressure)	
individuals who remained normotensive have a significantly higher 
mortality rate than salt- resistant normotensive counterparts.15 In this 
regard, the impaired ability of the cerebral microcirculation to auto-
regulate its blood flow in HS- fed animals during reductions in arterial 
perfusion	pressure	(regardless	of	the	underlying	mechanisms)	may	be	
indicative of an additional danger of HS diets in humans.
Similar to S- D rats fed HS diet, Dahl SS rats maintained on 
a LS diet are normotensive but are exposed to chronically low 
plasma	ANG	 II	 levels	 in	 the	 blood	 due	 to	 impaired	 regulation	 of	
their plasma renin activity.73-75 Like S- D rats, MCA of LS- fed SS 
rats exhibit endothelial dysfunction and impaired vascular relax-
ation responses that can be ameliorated by chronic i.v. infusion of a 
sub-	pressor	dose	of	ANG	II.76,77	The	association	of	endothelial	dys-




in SS individuals who remain normotensive15 or in the rapid onset 
of endothelial dysfunction in healthy young human subjects sub-
jected to short- term elevations in dietary salt intake.26,27
While controlled blood volume withdrawal was used to reduce 
arterial pressure to evaluate cerebral autoregulation in the present 
study, this raises intriguing questions regarding the potential impact of 
HS diet and low angiotensin levels on clinical conditions characterized 
by low blood pressure, notably circulatory shock. A recent study78 
evaluated	the	use	of	ANG	II	infusion	(vs	placebo)	as	an	adjunct	to	in-
fusion	of	conventional	vasopressor	agents	 (norepinephrine,	AVP)	 in	
patients with distributive shock characterized by widespread vasodi-
lation	and	low	blood	pressure.	That	study	suggested	that	infusion	of	
ANG	II	increases	blood	pressure	and	allows	a	reduction	in	the	doses	







eficial effects by increasing the perfusion of vulnerable organs during 
distributive shock. However, the relative contribution of elevated per-
fusion	pressure	due	to	additional	vasoconstriction	in	ANG	II	-	infused	
patients vs the maintenance of local autoregulatory mechanisms in 
vulnerable organs in that study remains to be determined.
5  | PERSPEC TIVE
The	present	study	utilizes	laser-Doppler	flowmetry	and	mathemati-
cal modeling approaches to describe the effects of elevated dietary 
salt intake on the ability of the cerebral circulation to maintain a 
constant blood flow during reductions in arterial pressure in normo-
tensive	rats.		The	results	of	the	study	showed	that	both	short-term	
and chronic high salt diet lead to an impaired ability of the cerebral 
circulation to maintain normal blood flow when arterial pressure is 
reduced	via	controlled	hemorrhage.	The	results	of	this	study	should	
provide valuable insight into the mechanisms by which high salt diet 
rapidly contributes to vascular dysfunction independent of an el-
evated blood pressure and will hopefully provide clues for improved 
therapeutic approaches to vascular dysfunction associated with an 
elevated dietary salt intake.
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